One fundamental question in stem cell biology is whether and how niche factors couple tissue demands to the production of proper numbers of progeny from somatic stem cells. In the adult subgranular zone (SGZ), a substantial loss of newborn progeny occurs during the first 4 d after they are born [1] [2] [3] [4] . Adult hippocampal neurogenesis occurs in a dynamic neuronal network; thus, we hypothesized that the local circuit activity may serve as an effective indicator of current tissue demands and provide a signal to regulate this critical event.
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We used retroviruses expressing GFP to birth-date proliferating neural progenitors in the adult mouse SGZ 5 . At 4 d post viral injection (dpi), 92% of GFP + cells were minichromosome maintenance complex component 2 (MCM2) + and 81% were doublecortin (DCX) + MCM2 + proliferating neuroblasts (Supplementary Fig. 1 ). Whole-cell recordings in acute slices showed that 95% of the GFP + cells that we recorded responded to GABA (n = 37; Supplementary Fig. 2a ). Confocal imaging analysis revealed a close association of GFP + cells with synapsin + glutamate decarboxylase 1 (GAD67) + GABAergic presynaptic boutons ( Supplementary Fig. 2b and Supplementary Movie 1). As previously shown 6, 7 , presynaptic terminals onto GFP + newborn progeny were observed by immuno-electron microscopy ( Supplementary  Fig. 2c ). Although none of the GFP + cells that we recorded (n = 55) exhibited any spontaneous or evoked postsynaptic currents (PSCs) in response to 0.1-Hz field stimulation (Supplementary Fig. 2d) , we recorded bicuculline-sensitive PSCs in 14.3% of GFP + cells following 5-Hz stimulation (n = 35; Supplementary Fig. 2e) , suggesting that these synapses may be immature. This result contrasts with what is observed in the adult subventricular zone, where neuroblasts are activated by tonic GABA with no apparent synapses 8 .
We next explored sources of GABAergic inputs. Confocal and light microscopy analyses revealed close associations of parvalbumin (PV)-expressing synapsin + puncta with GFP + cells at 4 dpi ( Supplementary  Fig. 3a and Supplementary Movie 2), including GFP + cells that were proliferating (MCM2 + ; Supplementary Fig. 3b ). Immuno-electron microscopy revealed symmetric synaptic contacts between vesiclefilled PV + axonal terminals and newborn progeny (Fig. 1a,b and Supplementary Fig. 4a-f ), which were similar to those between PV + neurons and GFP − mature neurons ( Fig. 1c and Supplementary  Fig. 4m-p) . Notably, we found various relationships between PV + axons and newborn progeny, ranging from proximal PV + boutons to mature-looking symmetric synapses ( Supplementary Fig. 4a-l) .
To determine whether observed synaptic structures are functional, we selectively expressed channelrhodopsin-2 (ChR2)-yellow fluorescent protein (YFP) in dentate PV + neurons using adult Pvalb-cre mice 9 and labeled proliferating neural progenitors with red fluorescent protein (RFP; Supplementary Fig. 5 ). Light stimulation at 8 Hz, but not at 0.1 Hz, led to GABAergic PSCs in 17% of the RFP + cells that we examined at 4 dpi in acute slices (n = 48; Fig. 1d) . The low induction rate, small amplitude and broad distribution of rise times of evoked PSCs recorded in RFP + cells reflect characteristics of immature synapses ( Fig. 1e-g ). Blockade of glutamatergic synaptic transmission had no effect on PSCs (Fig. 1e,f) , supporting the presence of monosynaptic connections from PV + neurons. Notably, optogenetic activation of somatostatin (SST)-expressing interneurons evoked PSCs in mature dentate granule neurons, but not in RFP + cells (Fig. 1e) .
The identification of PV + neurons as one source of synaptic inputs onto newborn progeny, although not eliminating the possibility of inputs from other neurons 7, 10 , provides an entry point to investigate how local circuitry may regulate these progeny in vivo. We labeled proliferating neural progenitors with a thymidine analog, ethynyl deoxyuridine (EdU), and then applied light-induced activation of ChR2 + PV + interneurons between 1 and 4 dpi (Supplementary Fig. 6a ). Consistent with previous findings [1] [2] [3] [4] , stereological quantification in the no-light sham group showed a significant decrease in the number of EdU + cells in the adult SGZ from 1 to 4 dpi (P = 6.5 × 10 −7 ; Fig. 2a,b) . Notably, 8-Hz light stimulation led to significant increases in the numbers of EdU + cells (P = 5.8 × 10 −4 ) and EdU + DCX + neuronal progeny (P = 1.8 × 10 −3 ) at 4 dpi compared with the sham no-light treatment (Fig. 2) . The survival nature neuroscience VOLUME 16 | NUMBER 12 | DECEMBER 2013 effect was accompanied by a reduction in dying cells, identified by pyknotic nuclei surrounded by Iba-1 + microglia ( Supplementary Fig. 6b ,c), as previously reported 1 . NeuroD has been suggested to promote newborn neuron survival during adult SGZ neurogenesis 11, 12 . Indeed, there was a significant increase in the number of EdU + NeuroD + cells following light stimulation (P = 0.014; Supplementary Fig. 7a ). In contrast, percentages of EdU + cells that remained in cell cycle (MCM2 + ) or underwent neuronal differentiation (DCX + ) were not different ( Supplementary  Fig. 7b,c) . Notably, similar optogenetic manipulation of dentate SST + interneurons had no effect ( Fig. 2 and Supplementary Fig. 7b,c) .
To assess the role of endogenous PV + neuron activity on newborn progeny survival, we selectively expressed the halorhodopsin NpHR in dentate PV + neurons and optogenetically suppressed NpHR + PV + neurons between 1 and 4 dpi (Supplementary Fig. 8a-c) . Stereological quantification revealed a further decrease in EdU + MCM2 + proliferating neural precursors and DCX + EdU + neuronal progeny from 1 to 4 dpi following PV + neuron suppression (Fig. 3a,b) . The number of dying cells surrounded by Iba-1 + microglia increased (light, 1,244 ± 128 cells per mm 3 ; no light, 856 ± 102 cells per mm 3 ; n = 3 mice). No difference was found for cell cycle exit or neuronal differentiation of EdU + cells ( Supplementary  Fig. 8d,e ). An independent approach to suppress PV + neuron activity using Arch showed similar effects as NpHR, whereas SST + neuron suppression had no effect (Fig. 3a,b and Supplementary Fig. 8d,e) . Notably, our optogenetic manipulations did not appear to affect general properties of mature dentate granule neurons (Supplementary Fig. 9 ).
Loss of proliferating precursors could have a bigger effect on the ultimate number of mature adult-born neurons than the loss of individual post-mitotic neurons (Fig. 3c) . Indeed, PV + neuron suppression between 1 and 4 dpi led to an 18.9% decrease in the number of EdU + MCM2 + proliferating neural progeny at 4 dpi and a 49% decrease in the number of EdU + NeuN + neurons at 30 dpi (n = 3 mice).
Adult neurogenesis is dynamically regulated by external stimuli 13 . We introduced mice to an enriched environment between 1 and 4 dpi, an experience known to increase PV + neuron activity 14 . This treatment substantially increased the numbers of EdU + , EdU + DCX + and EdU + NeuroD + progeny at 4 dpi compared with mice in standard conditions (Fig. 3d,e and Supplementary Fig. 8h ). PV + neuron suppression largely abolished the survival effect of an enriched environment (Fig. 3e) . Thus, PV + neuron activity is also involved in experience-dependent regulation of early critical phases of adult hippocampal neurogenesis.
Finally, we examined whether PV + neuron activity continues to influence neuronal progeny beyond 4 dpi. Indeed, PV + neuron-induced synaptic activation was detected at 7 dpi (Supplementary Fig. 10a ). Optogenetic activation of PV + neurons between 4 and 7 dpi promoted dendritic development of newborn neurons, whereas suppression of PV + neuron activity had the opposite effect (Supplementary Fig. 10b-f) .
Here we identified a previously unknown neuronal circuitry-based niche mechanism regulating proliferating neuronal progeny survival and their development via local PV + interneuron activity. Although PV + neurons make direct synaptic contacts with these newborn progeny, the optogenetic approach that we used does not rule out potential indirect contributions from circuitry modulation or factors other than GABA. In sharp contrast with the increased survival of newborn progeny, PV + neuron activation, via nonsynaptic GABAergic signaling, inhibits adult quiescent neural stem cell activation 9 . Together, these results reveal a marked diametric regulation of two early critical steps of adult neurogenesis via PV + neuron activity (Supplementary Fig. 11a ). 
Computational models have suggested advantages of circuit activityneurogenesis coupling for temporal storage and memory clearing in the adult hippocampus 15, 16 . Experimental evidence also suggests that a proper rate of both addition and elimination of new neurons optimizes behavioral outcomes in animal models 17, 18 . What are the potential advantages of such a diametric mode of neuronal circuitryneurogenesis coupling? First, it promotes an adaptive regulation of adult neurogenesis; a lack of dentate neuronal activity minimizes the need to retain and develop new neurons that have just been born, but increases the quiescent neural stem cell pool via symmetric cell division to prepare for the future. Second, it facilitates time-stamping of a specific cohort of newborn neurons during a period of heightened dentate activity by increasing their survival while simultaneously suppressing generation of new neurons from neural stem cell activation. This could be particularly important, as recent behavioral studies have suggested a critical contribution of newborn neurons at specific developmental stages to hippocampal function 13, 19 . Our findings also point to the presence of multiple critical periods in regulating progeny survival via circuit-based, activity-dependent mechanisms 20 ( Supplementary  Fig. 11b ), which may facilitate the development of new strategies to enhance functional repair from endogenous or transplanted neurons after injury and degenerative neurological disorders.
MeThOdS
Methods and any associated references are available in the online version of the paper. npg plus high-speed optical switch with a 300-W Xenon lamp and a 472-nm filter set (Chroma) were delivered to coronal sections through a 40× objective (Carl Zeiss). To stimulate eNpHR or Arch in PV + neurons, continuous yellow light generated by DG-4 plus system with a 593-nm filter set was delivered to coronal sections through a 40× objective as previously described 9 .
Statistical analysis. Detailed statistical information can be found in Supplementary table 1. Statistical analysis was performed with one-way ANOVA (with Tukey post hoc test), two-tailed unpaired Student's t test or two-sample Kolmogorov-Smirnov test, as indicated in the text and figures. When a significant interaction was found upon performing two-way ANOVA, simple main effects were determined by a two-tailed unpaired Student's t test. Validation of normality and homogeneity of variance assumptions was performed for all compared data groups using Shapiro-Wilk and Levene's tests, respectively. All statistical analyses were performed using Origin software (OriginLab) or Matlab (MathWorks).
